Introduction
Microbial electrochemical systems( MESs) interface exoelectrogenic microbes to electrodes and exploit them for useful applications,s uch as biosensing, bioremediation, chemical synthesis and energyp roduction. [1, 2] Unfortunately,t he performance of MESs, especially for energy production,i sr elatively low. [1] The generala pproacht oi ncrease the performance of MESs is to engineer the microbea nd/or the electrode surface to increase electron transfer (ET) efficiency.T his requires ad etailed fundamental understanding of extracellular electron transfer (EET), and speciesf rom the Geobacter and Shewanella genus have been studied extensively for this purpose. [3, 4] Geobacter sp. generally yield highercurrent densities in MESs, but as obligate anaerobes, stringent culture conditions are required. In contrast, Shewanella sp. are facultative anaerobes, so exposure to oxygen is not detrimental and, as such, are easier to handle. Shewanella are also capable of transferring electrons to an unmatched array of terminal acceptors, making them an attractive choice for mechanistic studies in respiration,i ncluding EET. One of the most studied strains, Shewanella oneidensis MR-1( MR-1) is both am odel organism for EET mechanistic studies and acandidate organism foruse within someofthe proposed MES applications. [5] Three distinct mechanisms have been proposed for MR-1E ET in MESs ( Figure 1 ):1 )direct electron transfer (DET) between outer membrane cytochromes (MtrC/OmcA) and electrodes; [6] 2) long-ranged DET throughc onductive "wires"
Exoelectrogenic bacteria can couplet heir metabolism to extracellular electron acceptors, including macroscopic electrodes, and this has applications in energy production,b ioremediation and biosensing. Optimisation of these technologies relies on ad etailed molecular understanding of extracellular electrontransfer (EET) mechanisms, and Shewanella oneidensis MR-1( MR-1) has become am odel organismf or such fundamental studies. Here, cyclic voltammetry was used to determine the relationship between the surface chemistryo fe lectrodes (modified gold, ITO and carbon electrodes) and the EET mechanism.O nu ltra-smooth gold electrodes modified with self-assembled monolayers containing carboxylic-acid-terminated thiols, an EET pathway dominates with an oxidative catalytic onset at 0.1 Vv ersusS HE. Addition of iron(II)chloride enhances the catalytic current, whereas the siderophored eferoxamine abolishes this signal, leadingu st oc onclude that this pathway proceeds via an iron mediated electron transfer mechanism. The same EET pathway is observed at other electrodes, but the onset potential is dependent on the electrolyte composition and electrode surface chemistry.E ET pathways with onset potentials above À0.1 Vv ersusS HE have previously been ascribed to direct electron-transfer (DET) mechanisms through the surfacee xposed decaheme cytochromes (MtrC/OmcA) of MR-1. In light of the resultsreported here, we propose that the previously identified DET mechanism of MR-1 needs to be reevaluated. formed by extrusions of the outerm embrane and periplasm, [7] in which electrons are thought to "hop" between the cytochromes that decorate these membranee xtrusions; [8] 3) mediated electron transfer (MET) achieved through self-secreted redox mediators, in particularr iboflavin (RF)a nd flavin mononucleotide (FMN), which shuttle electrons between the outer membrane cytochromes and electrodes. [9] FMN and RF have also been proposed to act as co-factors for MtrC and OmcA, respectively,inaDET mechanism. [10] Whole-cell (in vivo) electrochemical studies of MR-1 have been performed on av ariety of electrodes, ranging from gold and indium tin oxide (ITO) to carbon-based electrodes, [4, 11, 12] and ar ange of potentials have been reportedf or MET via flavins (between À0.25 and À0.13 V) [4, 9] and DET via MtrC/OmcA (between 0a nd + 0.4 V). [4, 6, 12, 13] The potentials reported for the DET mechanism are unexpected, as they are significantly higher than the decahemes MtrC and OmcA (between À0.4 to 0V), which are thought to be the last step in the DET pathway. [14] Thisi ncreased potential measured in vivo has been attributed to differences in the micro-environment at the microbe/electrode interface. [4] The relevance of the different EET pathways in MES is under debate, with strong arguments for both MET and DET as the dominant pathway. [4, 11, 15] There is also significantv ariation in the reported redox potentials assigned to DET through MtrC/ OmcA,ass ummarised in Table 1 . This variation might be attributed to the different electrode materials used, but little is known about their surface properties and influence on MR-1s interaction with them. Recently,A rtyushkova et al. [16] modified gold electrodes with different self-assembled monolayers (SAMs)a nd found that changing the electrode surface properties leads to significant differences in the morphology and current output of the bacterial biofilm.T he EET mechanism to the differentm odified surfaces was not investigated by Artyushkova et al. Here, we adapted the approach of Artyushkova et al. to investigate the effect of surface properties on MR-1 EET mechanisms. Ultra-smooth gold electrodes werem odified with SAMs terminated with different functional groups to alter the electrode surfacec harge. MR-1 was then grown on the SAMmodifiedg old electrodes along with pyrolytic carbon and ITO electrodes, and the EET mechanismsw ere studied with voltammetry.
Results
Rough,p redominantly carbon-based electrodes are generally desired for MESs, as they exhibit large electrochemical surface areas for microbes to interfacew ith, enabling higherc urrents and thus performance. In contrast, here we have employed ultra-smooth golde lectrodes to enable the assembly of wellformed, uniform SAMs with reproducible surface characteristics that result in low capacitances, enabling sensitivev oltammetric studies of the EET mechanism. Furthermore, to preventcomplications in the analysis, owing to trace elements and other redox-active small molecules, am inimal electrolyte of 20 mm MOPS, 30 mm Na 2 SO 4 and 10 mm sodium lactate wasu sed in the majority of experiments.
MR-1 was first grown overnight, anaerobically in lysogeny broth (LB) supplemented with lactate and fumarate. The bacteria from the overnight culture were subsequently washed to remove growth medium anda dded to the electrochemical cells fitted with gold electrodes modified with SAMs of either pure 8-mecaptooctanol or am ixture of 8-mercaptooctanol and 8-mercapto-octanic acid. Both electrodes have hydrophilic surfaces, but the surface of the latter also has an egative surface charge. From here on, these electrodes will be designated as neutral and negative electrodes, respectively.
To encourage respiration with the electrodes, lactatew as used as the sole carbon/electrons ource and the electrodes were poised at + 0.25 V. After approximately 3h,c atalytic wavesw ereo bservable with onsetst hat differeds ignificantly betweent he two electrode surface types (at À0.2 and + 0.1 V for the neutrala nd negative electrodes, respectively;F igure 2), confirming that the surface chemistry has ap rofounde ffect on the mechanism by which MR-1 transfers electrons to electrodes. When pyrolytic carbon electrodes were used, catalytic currents were much lower,b ut two oxidative signals were observedw ith onsets at À0.2 and + 0.1 V( Figure S5 ), suggesting each onset is caused by ad ifferent EET mechanism and that the pyrolytic carbon electrodes can support both. Catalytic currents observed at an onset of about À0.2 Vare commonlya cceptedt oo riginate from an EET mechanism via flavins,e ither as freely diffusing electron mediators or bounda sc o-factors to outer membrane cytochromes. [4, [9] [10] [11] As expected, when either www.chemelectrochem.org RF or FMN was added, the catalytic wave retained the same onset potential, but the current increased.
To determine why different onset potentials were observed with neutral and negative electrodes, the electrochemical behaviour of flavin was determined with both electrodes. The reaction of riboflavin on neutrale lectrodes is reversible, indicating rapid ET, ( Figure 3 ), whereas the electrone xchange between riboflavin and negative electrodes ( Figure 3 ) is indicative of aq uasi-or irreversible ET reaction. The absence of an efficient ET reactionb etween flavin and negatively charged surface electrodes limits af lavin-mediated EET pathway and likely gives rise to the observed prevalence of an alternative EET pathway at higherpotentials.
Similar,h igherp otential onsets have previously been reported in the literature on carbon and ITO electrodes, and the EET pathway is proposed to be DET through MtrC/OmcA. [4, 12, 13] However, as discussedi nt he Introduction, the redox potentials of MtrC and OmcA do not overlap with the onset potential of the "high-potential" EET pathway.T herefore, furtheri nvestigation into this alternative EET pathway was carriedo ut. First, we tested whether the higherp otential redox wave could be attributed to ar edox compound released by MR-1 into the electrolyte. After growth on an egative electrode for about 23 h, the contents of the electrochemical cell were extracted and the electrolyte was separated from the bacteria by using centrifugation and 0.22 mmf iltration.T he filtered electrolyte was then analysed by using af resh electrode (Figure 4) .I mportantly,t he cyclic voltammogram shows redox signals at the same potentiala st he high-potential EET pathway,s uggesting that this EET pathway involves am ediator.
In an effort to identify the redox-activec ompound, the filtrate was analysed with LC-MS without success. To test if the redox-active compound was ac ytochrome, the electrolyte was filtered through a3 kDa cut-off filter.H owever,t he redoxactive compound passed through the filter,s uggesting am olecular weightb elow 3kDa. By elimination,w es peculated the redox-active compound was an inorganic compound, most likely iron. Cyclic voltammograms of iron at negative electrodes ( Figure 5) show ar eversible ET reactiona tt he same onset potentiala st he high-potential EET pathway;w hereas, with neutral surface electrodes ( Figure S1 ), almost no redox signal is obtained. Importantly,l actatec auses al arge change in the Fe reduction signal, leading to am ore reversible CV ( Figure 5 ). It www.chemelectrochem.org should be noted that the reduction potentiala nd voltammetry characteristics of Fe-lactate are remarkably similar to the nonturnoveri nvivos ignals described in the literature as DET through MtrC/OmcA. [6, 12] To further confirm whether the high-potential EET pathway observedo nn egative electrodes originates from iron-based MET,d eferoxamine was added. Deferoxamine is as iderophore that strongly chelates free iron, but is unable to dissociate iron from cytochromes such as MtrC and OmcA.I ndeed,t he addition of deferoxamine almost obliterates the high-potential EET pathway,l eaving the smaller catalytic wave caused by flavin MET unaffected ( Figure 6 ).Acontrol CV of the Fe-deferoxamine complex confirms that this complexd oes not give reversible voltammetry signals on negatively charged electrodes ( Figure S2 [17] The results reported here wererecorded under micro-aerobic conditions. Under strict anaerobic conditions (O 2 < 0.1 ppm using ag love box), it was observed that deferoxamine did not significantly affect the high-potential EET pathway,w hich we attribute to the reducing conditions, decreasing the ability of deferoxamine to complex iron. Importantly,u nder these strict anaerobic conditions, addition of 90 mm EDTAw as still ablet oo bliterate the high-potential EET pathway.
To rule out the possibility that deferoxamine is toxic to MR-1, an experiment was performed in which deferoxamine was added to MR-1 grown on an eutral SAM with exogenous RF ( Figure S3 ). No effect was observedu pon deferoxamine addition, nor was an effect observed upon prolonged incubation (> 30 min), confirming that deferoxamine,a tt he concentrations used here, has no detrimental effect on MR-1.
SAM-modified gold electrodes are not typically used in MESs, nor are supplemented MOPS buffers used as growth medium. For this reason, the experimentsw ere repeated with more typical electrode materials,p yrolytic carbon and ITO, along with defined media (DM) as the growth medium. During incubation with MR-1, cyclic voltammetry was performed to examinet he bacterial EET.O nI TO electrodes, ah igh-potential signal is observedw ith an apparent midpoint potentialo fa pproximately + 50 mV alongside ac atalytic wave corresponding to flavin MET.T his high-potential signal was, again,c onfirmed to originate from soluble iron upon the addition of deferoxamine ( Figure 7) .F or ab etter comparison between ITOa nd SAM-modified gold electrodes, experimentsw ere also performed with MOPS buffer supplemented with lactate and www.chemelectrochem.org ah olding potential of + 0.25 V ( Figure S4 ). Under these conditions, the apparent midpoint potentialo fs oluble iron on ITO was approximately + 130 mV.I nterestingly,t he redox potential of high-potential peaks/signals on ITO (Figure 7) is shifted in the negative direction with respect to the negative gold (Figures 6a nd S2 )a nd pyrolyticc arbon electrodes ( Figure S5 ). Redox potentials of soluble iron are expected to depend on the electrolyte composition, as many anionsh avet he propensity to coordinatet oi ron.M any mediac ontain lactate, which will coordinate to iron,b ut additional factors such as pH will strongly influence the reduction potential. Furthermore, the surfacep roperties of the electrode materialw ill influence the interfacial ET kinetics, which can alter the onset of ac atalytic wave.
Discussion
Artyushkova et al. previously performed ad etailed study,i n which the influence of the surface chemistry of SAM-modified gold electrodes on biofilm formation with MR-1 was investigated by using electrochemistry,c onfocal and electron microscopy. [16] Positively charged (amine-terminated SAMs)a nd hydrophilic (hydroxy-terminated SAMs) surfaces were found to present the most uniform biofilms.I mportantly,a so bserved here, negatively charged surfaces (carboxylic-acid-terminated SAMs) were also found to support biofilm formation, althought he films were more heterogeneous. In contrast to the work of Artyushkova et al.,w ho used SAMs of pure mercaptoundecanoic acid to create negatively charged surfaces, here am ixture of 8-mercapto-1-octanola nd 8-mercaptooctanoica cid (57:43 ratio) was used.
EET of MR-1 on hydroxy-terminated SAMs (neutral surface electrodes) is dominated by MET with ar eversible ET reaction between the electrode and flavin. In contrast, on carboxylicacid-terminated SAMs (negatively charged surface electrodes), ET from flavin to the electrodes becomes "sluggish" with aq uasi-irreversible ET behaviour.O nt hese electrodes, as econd,a lternative EET pathway becomes apparent at higher potential. Here, we have shown that this high-potential pathway is mediated by iron in solution. It is well known that MR1c an use iron as at erminal electron acceptor, [18] and that iron (e.g. ferricyanide) can mediateE Tf rom bacteria to the electrode. [19] Importantly,h owever,c atalytic waves and redoxs ignals similart ot hose reported here have previously been ascribed to DET through MtrC/OmcA, [4, 12, 13] but this assignment needs to be re-evaluated in light of the data presented here.
One principle reason for assigning the redox signals between 0a nd 0.2V to outer membrane cytochromeso riginates from NO-ligation experiments. [6] When NO was introduced to ab iofilm of MR-1 grown on an ITO electrode, the signal at + 50 mV disappeareda nd an ew signal at + 650 mV was observed.I tw as inferred that NO ligates with the hemes of outer membrane cytochromes,c ausing as hift in their redox potential. However,t his same result would also be consistent with the fact that NO will ligate "free" iron in solution,r aising the redox potential of the iron complexes.
The question of "what is the source of the extracellular iron" remains. The mediumi nt he electrochemical experiments contained only buffer and lactate and can, therefore, be excluded as as ource.I ti sa lso unlikely that significant concentrationso f soluble iron were transferredw hen adding MR-1 to the electrochemicalc ells, as the MR-1 was washedt wice in buffer prior to transfer.F urthermore, if iron was transferred with MR-1, it would have been immediatelyo bservable in the CV.T ypically, the catalytic wave or non-turnover redox signals were not observedu ntil more than 1h incubation with MR-1.W e, therefore, propose that iron is released from MR-1, either via active release( as is thought to be the case for flavins) or as ar esult of cell lysis. We propose thati ti su nlikely that MR-1 actively releases soluble iron, as iron is an essential trace nutrient for MR-1. The most likely cause of soluble iron accumulation is, therefore, cell lysis, where iron could be released from, for instance, iron storageproteins [20] into the electrolyte. Although we cannot exclude DET as an EET pathway forM R-1, we propose that the "alternative"h igh-potential signals are causedb yi ron-mediated ET between MR-1 and the electrode. We, thus, recommend that iron chelators, such as deferoxamine, should be used to confirm or disprove DET mechanisms in future characterisations of MESs.
The absence of clearly distinguishable redox signals that can be ascribed to DET might question the extensive use of MR1a samodel organism for EET in MESs. However,i th as been shownt hat MR-1 is capable of significant DET to certains urfaces in its naturalh abitat, such as haematite. [21] Recently,t here has been substantial effort directed towards novel electrode materials [22] and surface modifications of established electrode materials. [23] Newm aterials could result in more suitable surfaces for DET with MR-1. DET is generally more desirablet han MET in MESs, even if the microbe produces its own redox mediators like flavins, as the electrolyte in aM ES is frequently or continuously replaced in certain applications. This would lead to the constant loss of mediator, impairing the electrochemical interaction between the electrode and microbes.
Conclusions
We have demonstrated that the surfacep roperties of electrodes significantly impact EET pathways of MR-1 in MESs. Hydrophilic, non-chargede lectrodes (gold modified with hydroxy terminated SAMs) show favourable electron-transfer kinetics with flavin, enabling efficient ET between MR-1 and the electrode, with flavin as am ediator. However,n egatively charged electrodes (gold modifiedw ith carboxylic-acid-terminated SAMs) exhibit quasi-or irreversible electron transfer with flavins, emphasising an alternative pathway,o bservable at higher potentials of approximately 0.1 Vv ersus SHE. This high-potential pathway has previously been ascribed to MtrC/OmcA DET, but, throught he addition of deferoxamine, we concluded that the alternative high-potential pathway in our system is mediated by soluble iron,p ossibly released by lysing MR-1. Similar iron-mediated EET could operate in other MESs, and this would explain the wide variation in redox potentials reportedi nt he literatureb etween groups using different electrodes and elec- www.chemelectrochem.org trolyte solutions. The redoxp otential of iron is dependento n its interactions with ligandsi ns olution, for example lactate, as well as the surfacep roperties of the electrode material.W e urge future investigations to use mild iron chelators such as deferoxamine to confirm DET mechanisms. Finally,f or MR-1 to be used in MES applications with high efficiency and performance, an anode material will need to be developed that promotes DET.
Experimental Section Culturesand Media
All chemicals and materials were obtained from Sigma-Aldrich unless otherwise stated. S. oneidensis MR-1 cultures were grown aerobically in LB (30 8C, 200 rpm, 16 h) to an optical density OD 600 nm > 1. This culture (1 mL) was used to inoculate LB (50 mL) supplemented with 50 mm lactate and 25 mm fumarate in a5 0mL falcon tube. The top of the tube was fastened shut and the culture was grown overnight (0 rpm, 30 8C). 
SAM-Modified Electrodes
Te mplate-stripped gold (TSG) electrodes were prepared as described previously. [24] To form the SAMs, TSG glass slides were incubated in H 2 O( 1mL) with 1mm thiol, that is, either 8-mercapto-1-octanol (8-OH) or a5 7:43 mixture of 8-OH and 8-mercaptooctanoic acid (8-COOH). Slides were incubated in the thiol solution at 4 8C for at least 16 h. Prior to use, the electrodes were washed with isopropanol and dried under astream of N 2 .
Electrochemistry
In general, for electrochemical experiments, ab espoke, glass, single-chamber electrochemical cell housed in af araday cage was used with as tandard three-electrode setup. As the working electrode, TSG (modified with aSAM) or ITOwas embedded in apolytetrafluoroethylene (PTFE) holder with ar ubber O-ring seal (exposing an electrode area of 0.24 cm 2 ). The working electrode was placed in the electrochemical cell along with ap latinum-wire counter electrode and as aturated mercury/mercury sulfate (Hg/Hg 2 SO 4 ) reference electrode (Radiometer analytical, France). All potentials were converted with respect to as tandard hydrogen electrode (SHE), using + 651 mV versus SHE for the Hg/Hg 2 SO 4 reference electrode. MOPS buffer,c ontinuously purged with argon, was used as the basal electrolyte solution for all experiments, unless stated otherwise. For at ypical experiment, washed MR-1 was added to the electrochemical cell to OD 600 nm = 0.45. Sodium lactate was then added from a2 00 mm stock solution to af inal concentration of 10 mm (acting as the sole electron/carbon source for bacterial respiration). To promote EET to the working electrode, the electrode was poised at + 0.25 V( vs. SHE). At various time points, the interaction of bacteria on the SAM-modified electrodes was probed with cyclic voltammetry.S mall variations to this general method are detailed, where relevant, in the Results section. In some experiments, aD Mw as used instead of MOPS buffer as the basal electrolyte solution.
Electrochemical experiments with pyrolytic graphite edge (PGE) electrodes followed the same experimental method as described for TSG electrodes, but required ad ifferent experimental setup. A bespoke, two-chamber,g lass electrochemical cell housed in af araday cage was used with as tandard three-electrode setup. The PGE working electrode (geometrical area ca. 0.24 cm 2 )w as inserted, along with ap latinum-wire counter electrode, into the main chamber and asaturated mercury/mercury sulfate (Hg/Hg 2 SO 4 )reference electrode was inserted into the side chamber.T he two chambers were interconnected with an arrow glass tube, allowing for the diffusion of electrolytes between the two chambers.
Electrochemical measurements were obtained by using an Autolab electrochemical analyser (Ecochemie, Utrecht, Netherlands) equipped with aP GSTAT 128N potentiostat, SCANGEN and ADC750 modules, and FRA2 frequency analyser (Ecochemie). Cyclic voltammetry measurements were routinely carried out by holding the potential at 0V for 5s before cycling between + 0.4 and À0.4 V( vs. SHE) at as can rate of 10 or 100 mV s
À1
.A ll electrochemical experiments reported here were performed at 20 8C.
Supernatant Analysis
MR-1 with OD 600 nm = 0.25 was incubated for approximately 22 hi n MOPS buffer (2 mL) with 10 mm sodium lactate on a8 -OH:8-COOH (57:43) mixed SAM-modified TSG electrode, which was poised at + 0.25 V( vs. SHE). To separate the cells from the supernatant, the contents of the EC cell were centrifuged at 4500 g and filtered through a0 .22 mmp olyethersulfone (PES) filter.T he filtered supernatant was analysed by using voltammetry with fresh TSG electrodes that were prepared as described above.
